Abstract. Between 1950 and 2012, boreal summer (rainy season) rainfall in the Sahel changed from a multi-decadal decreasing trend to an increasing trend (positive trend shift) in the mid-1980s. We found that this trend shift was synchronous with similar trend shifts in global oceanic evaporation and in land precipitation on all continents except the Americas. The trend shift in oceanic evaporation occurred mainly in the Southern Hemisphere (SH) and the subtropical oceans of the Northern Hemisphere (NH). Because increased oceanic evaporation strengthens the atmospheric moisture transport toward land areas, the synchrony of oceanic evaporation and land precipitation is reasonable. Surface scalar winds over the SH oceans also displayed a positive trend shift. Sea surface temperature (SST) displayed a trend shift in the mid-1980s that was negative (increasing, then decreasing) in the SH and positive in the NH. Although SST had opposite trend shifts in both hemispheres, the trend shift in evaporation was positive in both hemispheres. We infer that because strong winds promote evaporative cooling, the trend shift in SH winds strengthened the trend shifts in both SST and evaporation in the SH. Because high SST promotes evaporation, the trend shift in NH SST strengthened the NH trend shift in evaporation. Thus differing oceanic roles in the SH and NH generated the positive trend shift in evaporation; however, the details of moisture transport toward the Sahel are still unclear, or perhaps there is no single determining influence.
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Introduction
For the past 60 years, the western African Sahel region, located between 10 and 20 • N longitude, has been one of the most important research areas for studying climatic variability due to its fragile climate conditions. While there are many well-documented analyses of the Sahel's drought conditions since the early 1970s (e.g. Hulme, 1992; Christensen et al., 2007; Baines and Folland, 2007) , there is no general explanation of the source of the drought. Several studies have also shown that the Indian Ocean, the North and South Atlantic Ocean, and the Southern Hemisphere (SH) oceans and the Mediterranean Sea have, alone or together, some kind of remote influence on the distribution of Sahel rainfall Giannini et al., 2003; Wolter, 1989; Janicot et al., 1996; Rowell, 2003; Hagos and Cook, 2008; Diatta and Fink, 2014) . Studies and evaluations of the Sahel monsoon are crucial to determine previous precipitation variations, provide climate projections, and offer a scientific response to the decrease in rainfall over the majority of the region (Dai, 2001; Omotosho, 2008) ; however, the exact linkage between the multi-decadal variations of the Sahel rainfall and the global ocean remain unclear. Sahel rainfall is correlated with remote sea surface temperature (SST), which suggests that globalscale ocean evaporation processes are potentially important for the historical land surface rainfall variability. Our initial analysis suggested that the global hydrological cycle is comprised of evaporation from some part of the ocean surface and the transport of water vapour over the African continent. Therefore, it is reasonable that moisture transport from different parts of the world ocean may, either alone or in combi-nation, affect African precipitation in general and that of the Sahel in particular.
Some of the earliest works related to nearby SSTs have shown that precipitation time series have significantly changed over the last 60 years (Lough, 1986; Bader and Latif, 2003; Chung and Ramanathan, 2006) . Other studies related to remote SST point out that the precipitation time's series have considerably changed over the past 60 years as well (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto and Tachibana, 2012; Diatta and Fink, 2014) . The potential long-term causes and effects of SST variability are important inputs for the thermodynamical process of Sahel rainfall (Folland et al., 1986; Giannini et al., 2003; Tippett and Giannini, 2006; Lu and Delworth, 2005; Hoerling et al., 2006) . Although long-term climate trends are commonly related to the state of the ocean, the radiative forcing by changing levels of greenhouse gas and/or aerosols have been considered responsible for the changes in climate in the global ocean and on each continent except Antarctica (Stott et al., 2010) . However, the increased trend of the greenhouse gas has not been linked to the trend shift of the Sahel rainfall. Delworth et al. (1993) defined the thermal impacts of the North Atlantic thermohaline overturning flow at multi-decadal scales. Zhang and Delworth (2006) referred to the subsequent SST pattern as the Atlantic Multidecadal Oscillation. Pomposi et al. (2015) examined the role of global SST anomalies and their effects on monsoon variability in the Sahel region and found that "much of the internal variability of the global monsoon system" is generated by SST variances and their outcome on the atmospheric teleconnections, linking oceanic variations to land-based rainfall. Munemoto and Tachibana (2012) demonstrated that the contrast between northern and southern SST also corresponds to the more recent pattern of Sahel rainfall; in the mid-1980s, the phenomenon shifted from a decreasing trend to an increasing trend. These various studies underscore the lack of a single mechanism determining the relationship between the shift of the Sahel rainfall and the shift of oceanic evaporation. Folland et al. (1986) were among the first to historically establish a relationship between Sahel rainfall and (SH) SST on multi-decadal timescales; the relationship has demonstrated that when the SH SST is higher (lower) than normal, the Sahel is drier (wetter) than normal (Folland et al., 1986) . Bader and Latif (2003) considered the warming trend in the Indian Ocean to have "a crucial role for the [40-year] drying trend over the West Sahel". As a consequence, Indian Ocean warming may have contributed to the strengthening of the North Atlantic Oscillation during these last 2 decades. In addition, their experiments highlight the influence of the tropical Pacific over the eastern Sahel, whereas the tropical Atlantic influences rainfall only over the Atlantic itself and along the western Sahel.
For this study, we analysed global evaporation data sets for the second half of the 20th century in order to determine whether the previously established linkages between remote SST and Sahel rainfall are the result of remote linkages between Sahel rainfall and oceanic evaporation. We also investigated the underlying trends in wind stress and SST that may explain changes in evaporation. Given the region's exposure to natural variability, favouring severe drought with unexplained sequence variations, this study will deliver a skillful multi-decadal climate forecast for the Sahel.
Data and methods
For the precipitation, we used three different monthly data sets: from 1949 to 2014, the National Oceanic and Atmospheric Administration (NOAA) Precipitation Reconstruction over Land (PREC/L) database (Chen et al., 2002) with a spatial resolution of 1.0 • in latitude and longitude; the Global Precipitation Climatology Centre (GPCC) data (Schneider et al., 2011) , 2.5 × 2. (Tokinaga and Xie, 2011) , derived from ship observations in ICOADS and presented at a resolution of 4 × 4 • . Specific humidity data at 2 • resolution were from ICOADS. Both wind speed and specific humidity databases have missing values in areas outside shipping routes, especially at high latitudes. Because Chiu et al. (2012) view oceanic evaporation, or sea surface latent heat flux (LHF) divided by the latent heat of vaporization (Lv), as a crucial factor in the global water and energy cycle, we used LHF data for 1950-2012 from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis (Kalnay et al., 1996) as a fundamental proxy for oceanic evaporation. We also used data from the Japanese Re-Analysis 55 Years (JRA-55) (Kobayashi et al., 2015) and the European Centre for Medium-Range Weather Forecasts (ECMWF) 40-year Reanalysis (ERA-40) (Uppala et al., 2005 ) data sets and compared these data sets to the LHF data from NCEP/NCAR and the moisture flux vector. Based on the comparison, we addressed possible reliability problems in moisture data from the pre-satellite era. Although there are some differences between these three databases, the differences do not significantly influence our conclusions. Our analysis primarily used July-August-September (JAS) averages, corresponding to the Sahel region's rainy season. Figure 1 shows the long-term value of JAS average precipitation in northern Africa using PREC_L data. Our study area, defined as the region bounded by 10-20 • N and 8 • W-30 • E, was chosen to avoid coastal influences on seasonal rainfall in the Sahel. The JAS has captured, by definition, the Sahel region rainy season between 200 and 600 mm per JAS per year, and we used the PREC_L data for the smooth resolution of the data. Figure 2 shows the variation of JAS average rainfall in the study area from 1950 through to 2012. Sahel rainfall decreased from the early 1960s to the mid1980s, followed by an increasing trend for the rest of the study period. The driest year of the study period was 1984 (Munemoto and Tachibana, 2012) ; we focused on that period to divide our data set into two different periods, the decreasing and increasing periods. The mid-1980s mark a clear reversal in these multi-decadal trends. The signature of this trend shift is not sensitive to the definition of the study area (results not shown). Because the data were insufficient to analyse at least two cycles of multi-decadal variability, we focused on a phenomenon ("the trend shift") that might indicate a phase change.
To assess the degree to which trends in other climatic parameters synchronized with the Sahel trend shift, we divided the time series of all data sets into the subperiods 1950-1984 and 1985-2012 . We defined the trend in each subperiod as the angle of inclination, tanθ , of the time series, as calculated from the linear regression coefficient using the least squares method. We defined the strength of the trend shift, δtanθ , as tanθ 2 −tanθ 1 , where subscripts 1 and 2 denote the subperiods before and after 1984, respectively. To confirm that the trends of the two subperiods differed in sign, we added the condition tanθ 1 · tanθ 2 < 0. We named a decreasing to increasing (increasing to decreasing) trend shift as a positive (negative) trend shift, i.e. δtanθ > 0 (δtanθ < 0) and tanθ 1 · tanθ 2 < 0. 
Results

Trend shifts of Sahel precipitation and ocean evaporation
The time series of the global JAS mean LHF decreased before the mid-1980s, followed by an increase (Fig. 2) . Although this increase ceased after the mid-1990s, the turning point of the trend shift coincided with Sahel rainfall. Global annual mean LHF also had a similar trend shift to that of the JAS mean (Li et al., 2011) . This synchrony suggests that, at the multi-decadal timescale, the variability of Sahel rainfall may be physically linked to the transport of the moisture flux from the oceans. We also investigated global mean sensible heat flux, but found no significant trends during the study period. The trend shift in LHF in the world ocean may be related to precipitation inside and outside the Sahel. The results of our investigation of this possibility are shown for both JAS and annual precipitation of PREC_L in Fig. 3a and b, respectively. The trend shift over the Sahel is stronger for annual precipitation than for JAS precipitation. The areas where the positive trend shifts (from decreasing to increasing) in JAS precipitation are large are the Sahel, western coastal areas of South Asia, and equatorial South America (Fig. 3a) .
For annual precipitation, the areas with positive trend shifts are more numerous than the areas with negative trend shifts (Fig. 3b) . Positive trend shifts are particularly strong in the Sahel, western coastal areas of South Asia, and southern Chile, and less strong in Korea, Japan, the Philippines, Alaska, and northern Eurasia. Negative trend shifts are seen in South America, most of the SH, most of North America, and inland Eurasia; these areas are weaker and narrower than the areas with a positive trend shift. These results indicate that a positive trend shift in precipitation occurred not only in the Sahel, but also elsewhere in the world. Comparing the trend shifts of JAS precipitation of the PREC_L (Fig. 3a) , GPCC (Fig. 3c) , and University of Delaware (Fig. 3d) data sets, similar land coverage was observed, with a correlation of 0.9; however, the University of Delaware (Fig. 3d ) data set showed a weaker signal over the same areas included in the PREC_L and GPCC data sets.
Global SST trend shift
Sahel rainfall is related to nearby SST (Lough, 1986; Bader and Latif, 2003; Chung and Ramanathan, 2006) and remote SST (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto and Tachibana, 2012; Diatta and Fink, 2014) . Although there is no visible evidence of change, it is conceivable that the SST time series has a changing phase from 1984 using the SST over the Northern Hemisphere (NH) and SH. As demonstrated by Munemoto and Tachibana (2012) , the NH SST became lower than that of the SH SST and described an opposite trend after 1984. Figure 4 shows that areas of positive trend shift in the JAS SST over the oceans are widespread in the NH, meaning that SST decreased until 1984 and then increased. Areas of negative trend shift are mostly in the SH, particularly the eastern tropical Pacific and the South Atlantic Ocean. The obvious contrast between hemispheres suggests that the change in JAS Sahel rainfall is somehow related to the hemispheric contrast in SST; these results are consistent with the findings of Folland et al. (1986) and Munemoto and Tachibana (2012) . In addition, modelling and observational studies by Bader and Latif (2003) show that the Sahel region rainfall variability is linked with regional and global SST anomaly patterns, which include fluctuations in the tropical Atlantic Ocean, as pointed out by Lamb (1978) , Hastenrath (1984) , and Lamb and Peppler (1992) ; the Pacific Ocean, as alluded to by Janicot et al. (1996) and Rowell (2001) ; the Indian Ocean, as referred to by and Shinoda and Kawamura (1994) ; and the Mediterranean, as mentioned by Rowell (2003) .
Trend shift of global ocean evaporation
The time change in the SST, i.e. the SST trend, should be linearly related to the evaporation from the ocean provided that the ocean is treated as a slab. The time change in the evaporation, i.e. the LHF trend, should thus be linearly related to the second-order differential of the SST. Here we simply compare between the two trend shifts, because the quality of the global data set does not resolve the second-order differential. Figure 5a and b show the JAS trend shift's geographic distribution of land water vapour flux and global ocean evaporation, as defined by LHF using NCEP and JRA-55 data, respectively. They both show similar signs over the oceans, except at the coastline of western South America and the tropical Atlantic; one possible explanation is that the JRA-55 data are missing at least 10 years before 1984, which could capture the tropical Atlantic magnitude. When the subtropical SH Atlantic Ocean is warmer (colder) than normal, greater (lesser) LHF production is observed, with a deeper surface coverage of the moisture flux transient through the western coast of the Sahel region, whereas the NCEP data show a coverage transient through the eastern Sahel coast; similar results were found by Bader and Latif (2003) . The NCEP and JRA-55 data sets captured a significant relation over the Sahel region, even though the JRA-55 evaporation rate increases at the western side of the Sahel region and is negative in the eastern part. The relationship of the tropical Pacific Ocean, El Niño, and both the North and South Atlantic with the Sahel's rainfall variation, which was confirmed by Zhang and Delworth (2006) , is observed in the JRA-55 data but not in the NCEP/NCAR data.
Trend shifts of wind and humidity
Latent heat flux is determined by surface wind speed and the humidity deficit over the ocean. Displayed in Fig. 6 is the trend shift of JAS surface scalar wind speeds over the ocean. This shift is positive over most of the SH, particularly in the eastern Pacific Ocean. Many of these positive areas match areas with positive LHF trend shifts (Fig. 5) . In the NH, the trend shift is positive over the subtropical central and eastern Pacific. Over the western subtropical North Atlantic Ocean, the trend shift in the scalar wind is not in agreement with the trend shift in LHF; nevertheless, the overall similarity of Figs. 6 and 5 signifies that trend shifts in wind speed over the ocean partially account for the trend shift in LHF.
The trend shift in the JAS deficit of surface-specific humidity, as determined from its saturated value at the local SST, is shown in Fig. 7 . The geographic distribution of this positive trend shift is essentially global, similar to those of SST (Fig. 4) and LHF (Fig. 5) in the NH and the southern Pacific Ocean. The positive trend shift of global evaporation from the ocean is therefore also partially explained by this trend shift. (1958 . The orange bold vector and hatching represent areas where northward or eastward moisture flux trends changed sign between the two parts of the study period (tanθ 1 · tanθ 2 < 0). the southern Indian Ocean and the eastern Pacific Ocean play in Sahel rainfall variation. In addition, weaker transport from the North Atlantic through to the Mediterranean Ocean entrance to Libya is also observed; however, this phenomenon is blocked by the local high pressure located in the Sahara.
Discussion and conclusion
Our study demonstrates an important synchrony between Sahel rainfall and global evaporation from oceans. The key point is that the shift in the trend of JAS Sahel rainfall from decreasing to increasing (positive trend shift) occurred in the mid-1980s and coincided with shifts in global-scale SST and evaporation from the oceans (Table 1) . We found that the Sahel trend shift was synchronous with similar positive trend shifts in global oceanic evaporation (Fig. 2) and in land precipitation outside the Sahel, except in the Americas (Fig. 3) . In detail, the trend shift in oceanic evaporation (as indicated by LHF) encompassed the SH and the subtropical NH, including the Pacific, Atlantic, and Indian oceans (Fig. 5) . Because increased oceanic evaporation strengthens global moisture transport toward the land, the synchronization of these trend shifts is physically plausible, and indeed the area of increased LHF exceeded the area of decreased LHF. Trend shifts also occurred in the mid-1980s in SST: the shift was negative (increase to decrease) in the SH and positive in the NH, giving rise to an interhemispheric contrast in SST (Fig. 4) . The surface scalar wind over the ocean had a positive trend shift, mainly in the SH, that extended to the subtropical Pacific Ocean in the NH (Fig. 6) . The humidity deficit displayed a positive trend shift in both hemispheres, particularly in the Pacific Ocean (Fig. 7) . The strongest statement comes from the vector moisture flux, which clearly represents the path of the moisture flux from the eastern Pacific and southern Indian oceans through to the tropical southern Atlantic to the western entrance of the Sahel region, and also the tropical northern Atlantic through to northern Europe and through to Libya as an entrance that was, however, dissipated by the blocked high pressure in the Sahara region (Fig. 8) .
The eastern Pacific and southern Indian oceans are the areas where the positive trend shift of the latent heat flux is observed (Fig. 5) .
From these results, we can assert that the process that connects the trend shifts of the global oceans and Sahel rainfall is summarized in Fig. 9 , which is the main reason for the positive trend shift in LHF, is the positive trend shift in scalar wind, particularly in the SH, because surface wind promotes evaporation from the ocean. When SST is greater than normal, the atmosphere becomes unstable, leading to an interaction between convection and large-scale circulation that strengthens the convergence at the surface with a low wind speed at this centre, generating a small amount of LHF. LHF lowers the SST due to evaporative cooling, which was also suggested by Wu et al. (2009) and Mcphaden (1995) . Therefore, the negative trend shift in SH SST may be an effect of the positive trend shift in the scalar wind. Giannini et al. (2003) and Zeng (2003) demonstrated that in the SH, when the gulf is warm, the Intertropical Convergence Zone (ITCZ) shifts south away from the Sahel, reducing the African monsoon that draws moist air into the Sahel, which means that long-term changes in Sahel rainfall are induced by changes in SST in the tropical Atlantic and Pacific oceans. The opposite way is that the advection of the magnitude of the moisture flux from the oceans toward the Sahel region forces the ITCZ to shift northward toward the Sahel region during the boreal summer. Although the linkages can be viewed as speculative and conceptual, the phenomenon could explain why both hemispheres are correlated positively, even though their SSTs are different. Figure 9 . Schematic diagram of possible processes linking Sahel precipitation and the global ocean. The arrows represent increases or decreases in a parameter during 1950-1984 and 1985-2012. In the NH, at latitudes lower than 40 • N, the LHF trend shift tended to be positive, in synchrony with the positive SST trend shift. Because high SST at low latitudes generally promotes evaporation, the positive trend shift in LHF may be a consequence of the positive trend shift in SST; the positive trend shift in the humidity deficit in the NH also supports this inference. Thus, the positive SST trend shift in the NH may be linked to the positive LHF trend shift. Although the trend shift in SST is positive in the NH and negative in the SH, hemispheric differences in the role of SST may result in a global positive trend shift in LHF.
Although our study offers an explanation for these globalscale trend shifts, the reason for the outsized signature of Sahel rainfall is still problematic. In line with our viewpoint, Pomposi et al. (2015) affirmed that "understanding of how the monsoon reacts to global SSTs remains incomplete because the system can be impacted by moisture availability locally and in the region as well as tropical atmospheric stability, both of which are influenced by ocean temperatures". In the past, the influence of SST in different remote sites was emphasized (Folland et al., 1986; Czaja and Frankignoul, 2002; Dijkstra, 2006; Ting et al., 2009) , including in the Atlantic Ocean (Hu and Huang, 2006; Marullo et al., 2011; Martin et al., 2014) , Pacific Ocean (Rowntree, 1972; Pan and Oort, 1983; Cayan and Peterson, 1989; Wallace et al., 1989) , and Indian Ocean (Clemens et al., 1991; Ashok et al., 2001 Ashok et al., , 2003 Annamalai et al., 2005) . To identify how evaporation in these remote oceans drives Sahel rainfall, idealized atmospheric general circulation model studies will need to incorporate the anomalous SST patterns shown in this study. The processes underlying the trend shift in the ocean surface wind must also be identified. Additionally, it is noteworthy that the trend shift in oceanic evaporation might affect the global salinity distribution, and in turn the global thermohaline circulation. Remarkably, the SST-Sahel teleconnection seems to be stronger with the Indian Ocean (negative correlation) and Mediterranean index (positive correlation) in about 50 % of the years of that era (Fontaine et al., 2011) , which led us to conclude that the resemblance between global trends and trends in the Sahel makes it difficult to attribute changes in the Sahel to only a single teleconnection. Largely, the horizontal transfer of heat flux from oceans to the Sahel region through precipitation variability (or opposite) has been highlighted.
Furthermore, our experiments confirm the hypothesis that the southern Indian Ocean, eastern Pacific Ocean, and Atlantic Ocean significantly influence not only regional climate anomalies, as Bader and Latif (2003) suggested, but also the relationship between global changes in SSTs and the Sahel region's rainfall variability, as revealed by Folland et al. (1986) . The conclusion, which one can draw from these various studies, is that the Sahel constitutes the world's largest area in which this trend shift occurred. Rainfall or dry conditions in the western African Sahel region can definitely be associated with the role of the global oceans.
Data availability
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